Abstract-The phase formation of Ti-Al-C powder mixtures with compositions close to MAX phases during self-propagating high-temperature synthesis (SHS) is investigated using time-resolved X-ray diffraction. It is found that the formation of the material during combustion in air under low heat-removal rates is a staged process. At the first stage, the dominant reaction is titanium carbide formation, providing major heat release and combustion front propagation. This reaction leads to the formation of TiC crystals surrounded by the Ti-Al melt. Titanium carbide is dissolved in the surrounding melt behind the combustion front with the subsequent crystallization of the Ti 2 AlC ternary compound. No TiC formation is observed during synthesis in helium, which provides rapid heat removal. The first phase appearing in the diffraction field is Ti 2 AlC. The TiC life cycle of 5-10 s for the mixtures synthesized in air substantially decreases when performing the process in helium and does not exceed 1 s. SHS leads to the formation of the composite material based on Ti 2 AlC phase containing less than 20 wt % TiAl and 2 wt % TiC. The material structure is characterized by lamellar Ti 2 AlC grains surrounded by the TiAl matrix. The microhardness of synthesized materials is 4.0-4.5 GPa and corresponds to the microhardness of the Ti 2 AlC phase. The dispersity of Ti 2 AlC grains during the synthesis in helium is lower than during the synthesis in air. Lamellar MAX-phase grains grow to 8-15 μm in length and 2-5 μm in width during slow cooling in air. The dispersity of Ti 2 AlC grains grown in helium is lower, being no larger than 8 and 1 μm, respectively.
INTRODUCTION
In recent years, interest has risen in a new class of refractory compounds possessing a unique combination of metal and ceramics properties, which are described in the general form by the M n + 1 AX n formula, where M is the transition metal, A is the element of Subgroup A of the periodic table, and X is carbon or nitrogen. The first synthesized MAX phase Ti 3 SiC 2 manifested properties typical of both metals and ceramics [1] . Compounds based on Ti-Si-C and TiAl-C systems are of the largest interest from the viewpoint of the level of their properties among more than 100 materials based on MAX phases prepared to date. These materials possess high thermal and electric conductivity, low specific mass, high elasticity modulus, low thermal expansion coefficient, and high heat resistance and refractoriness [2] [3] [4] [5] [6] [7] [8] . Such compounds are usually synthesized by hot isostatic pressing (HIP) [9] , electric-spark sintering [10] , and a combination of SHS and HIP [11] [12] [13] [14] [15] [16] [17] [18] . However, carbide (TiC x ) and intermetallic (Ti x Al y , Ti x Si y ) phases are usually present in the final product composition. The presence of the carbide phase leads to cracking wares made of the fabricated material, especially during cyclic thermal loads.
Currently, the problem stands to fabricate materials based on the Ti-Al-C MAX phase without titanium carbide impurity. One promising method making it possible to fabricate MAX phases and wares made of them is self-propagating high-temperature synthesis (SHS) with subsequent plastic deformation-the SHS-extrusion method. Investigations performed in [19, 20] showed that the materials synthesized based on the MAX phase during SHS-extrusion possess formation ability, due to which it is possible to fabricate dense long-measuring wares. However, when synthesizing materials by the SHS method, secondary binary phases-carbides and intermetallic compounds-are present in the product composition. To solve the problem of minimizing the carbide content in materials based on MAX phases, understanding the synthesis mechanism is required; based on it, it is possible to
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determine the required conditions of material fabrication with a minimal impurity content.
The goal of our work was to investigate the phase formation during the combustion in various media of Ti-Al-C powder mixtures for compositions close to the MAX-phase composition by the time-resolved X-ray diffraction.
EXPERIMENTAL
Initial components were powders of Ti, Al, and C, the characteristics of which are presented in Table 1 . Reagents in molar ratio Ti : Al : C = 2 : 1.5 : 1 and 3 : 2 : 1 (Table 2) were mixed in a ball mill in air.
The ratio of mixture components was selected close to the composition of the Ti 2 AlC MAX phase with an excess amount of Ti and Al. Samples with a rectangular section of 30 × 10 × 12 mm with a relative density of 0.65 were compacted from prepared mixtures. Before the experiments, the samples were dried at 150°C to remove moisture.
The change of the phase composition of the material during the combustion was performed by timeresolved X-ray diffraction (TRXRD). The essence of the method is in recording sequential X-ray diffraction patterns with a minimal temporal exposure during the propagation of the combustion wave over the sample [21, 22] .
We used an installation on the basis of a Dron diffractometer with a standard X-ray tube with a power of 2.5 kW and an LKD-4 high-speed linear detector (Joint Institute for Nuclear Research, Dubna) with the exposure time of a unit X-ray diffraction pattern being from 100 ms. Investigations were performed in the monochromatized copper radiation (λ = 0.154178 nm); pyrolytic graphite was used as a monochromator. We used horizontal reflection recording in the BraggBrentano geometry.
The sample was placed into a sealed chamber mounted on a goniometer and equipped with an ignition coil. A collimated beam was directed on the sample surface in its central part at an angle of ~20° and illuminated the area with the section 2 × 10 mm 2 . An angular range of recording was selected in limits of 28°-63° according to the 2θ scale, which provided the registration of diffraction lines of initial and forming phases. The exposure of a unit X-ray diffraction pattern was 1 s, while the number in a series was 64. The temperature was registered using a VR 5/20 thermocouple, which was in contact with the sample surface. Signals from the thermocouple through an analogdigital converter were recorded with a frequency of 250 Hz and synchronized with the onset instant of registration of the process diffraction pattern. To acquire statistically reliable data, we performed five experiments for each mixture composition in helium under an excess pressure of 2 atm and in air.
The phase composition of synthesis products after cooling was determined by X-ray phase analysis (XPA) using a Dron-3 diffractometer (Research-and-Production Association Burevestnik, St. Petersburg) using the Cu radiation with a monochromator on a secondary beam. Recording was performed in a stepwise scanning mode in angle range 2θ = 20°-80° with a recording step of 0.02° and exposure of 2 s. The microstructure was investigated using a LEO 1450 VP scanning electron microscope (Carl Zeiss, Germany).
RESULTS AND DISCUSSION
The diffraction pattern of combustion of the 2Ti-1.5Al-C mixture is shown in Fig. 1 . The sequence of X-ray diffraction patterns is depicted as a two-dimensional field in angle-time coordinates, while the line intensity is proportional to the blackness level of the field. Separate sections, which are unit X-ray diffraction patterns recorded with an exposure of 1 s in characteristic time instants, are shown to the left. A synchronously recorded process thermogram is superposed on the general diffraction field. These data show that the phase formation during the mixture combustion is a staged process. When the combustion wave approaches the registration region of the diffraction pattern, the positions of lines of initial Ti and Al are shifted towards smaller angles, which is caused by the lattice thermal expansion. The temperature jump is fixed in the thermogram in the passage instant of the combustion front through the registration zone (the fifth second of recording) and the intensity of lines of initial reagents simultaneously abruptly drops. Lines of Ti and Al disappear from the diffraction field in the sixth second of recording, which evidences the melting of the initial components and the onset of the interaction. The appearance of TiC lines is observed after vanishing Ti and Al lines. Consequently, the heat release and combustion front propagation are caused by the interaction between titanium and carbon. We can assume that titanium carbide, which is in the crystalline state, is surrounded by the Ti-Al X-ray amorphous melt during this period. The maximal measured temperature was 1100°C. This value is substantially lower than the adiabatic temperature of the interaction of titanium with carbon, which is higher than 3000°C. Such a discrepancy is caused by the experimental conditions of the temperature measurement-the thermocouple junction is in contact with the sample surface and does not reflect the actual temperature, only allowing one to characterize qualitatively the heat release during the combustion-wave passage and subsequent material cooling. Lines of Al 2 O 3 appear in the diffraction field 1-2 s after the combustion front passage, which is associated with the fact that the synthesis is performed in air. The break is observed in the thermogram in the instant the Al 2 O 3 phase appears, which confirms the passage of the exothermic oxidation reaction of aluminum.
Only lines of TiC and Al 2 O 3 phases situated in the crystalline state are seen in the recording period from 6 to 15 s. The intensity of titanium carbide lines gradually decreases, evidencing a decrease in its content. It should be emphasized that the diffraction pattern in this period reflects the processes in the material after the combustion wave passage during sample cooling. Lines, the angular position of which corresponds to the Ti 2 AlC MAX phase, appear at the 16th second. A temperature shoulder associated with the crystallization of the Ti 2 AlC phase from the melt appears in the thermogram. Taking into account the decrease in intensity of TiC lines after the combustion front passage, we can assume that titanium carbide crystals formed in the combustion wave are dissolved in the Ti-Al melt. The melt is saturated with carbon, and the Ti 2 AlC ternary phase is isolated during cooling. A similar result was found when studying the phase formation during the combustion of Ti-Si-C mixtures [23] . It was shown that the initially forming carbide dissolves behind the combustion front in the Ti-Si melt with the subsequent crystallization of the Ti 3 SiC 2 compound.
Thus, the formation of the final product during the combustion of the 2Ti-1.5Al-C mixture occurs in stages. The synthesis reaction of titanium carbide, XPA results of the synthesized product after cooling showed that the material is preferentially twophase: Ti 2 AlC (80-85 wt %) and TiAl (15-20 wt %), while the TiC content was lower than 2 wt %. The Al 2 O 3 phase is revealed only on the sample surface in the film form.
The diffraction pattern of combustion of the 3Ti-2Al-C mixture in air is almost similar to the combustion of the 2Ti-1.5Al-C mixture (Fig. 2) . The reaction responsible for the combustion front propagation is the formation of titanium carbide. However, in contrast to the previous mixture, the Ti 2 AlC MAX phase crystallizes somewhat more rapidly after the combustion front passage. The forming material is also twophase with the Ti 2 AlC content higher than 80 wt %.
Diffraction patterns of combustion of 3Ti-2Al-C and 2Ti-1.5Al-C mixtures in helium substantially differ from a pattern observed for the combustion in air (Fig. 3) . No formation of TiC lines is observed in this case. The temperature jump is fixed in a thermogram in the instant of the combustion front passage through the registration zone (12th second of recording), and intensities of lines of initial reagents Ti and Al abruptly drop to the background level. Lines of the Ti 2 AlC phase appear at the 13th second of recording with the maximal temperature.
Only lines of the Ti 2 AlC phase in a crystalline state are observed in the diffraction field in recording period τ = 13-19 s. The temperature starts to decrease in this period, and the diffraction pattern reflects the processes occurring after the combustion wave passage. Starting from τ = 20 s, lines appear, the angular position of which corresponds to the TiAl intermetallic phase. A characteristic break corresponding to the melt crystallization is observed in the thermogram. The appearance of diffraction lines of TiAl with a symbatic decrease in the cooling rate evidences the crystallization of the Ti-Al melt. This process results in the presence of lines of Ti 2 AlC and TiAl phases in the diffraction field starting from τ = 20 s. The XPA results of the synthesized product after cooling confirmed that the material is two-phase: Ti 2 AlC (80-85 wt %) and TiAl (15-20 wt %), with no noticeable content of the TiC phase (Fig. 4) . No oxide phases are revealed on the sample surface because combustion was performed in helium.
It should be noted that the combustion diffraction patterns of 3Ti-2Al-C and 2Ti-1.5Al-C mixtures in helium are identical. No appearance of the lines of the intermediate TiC phase is observed in either case. The first phase that appears in the diffraction field is the Ti 2 AlC phase. We can assume that the absence of TiC lines is associated with the variation in cooling conditions on the sample surface. Indeed, it is known that the thermal conductivity of helium is sixfold higher than that of air. The temporal resolution used in the experiment was 1 s, which did not allow us to identify phase-formation processes occurring for the shorter time. Thus, the occurrence period of TiC, which is 5-10 s for mixtures burning in air in slow heat sink conditions, substantially shortens when performing the process in a medium with higher thermal conductivity and does not exceed 1 s.
SEM results confirm the XPA data and show that, irrespective of the synthesis medium and composition of initial mixtures, the material is preferentially twophase (Fig. 5) . The structure contains the grains of the characteristic elongated form, which is typical of the MAX phases surrounded by a matrix. The energy-dispersive analysis confirmed that they correspond to the Ti 2 AlC phase by their composition, while the matrix composition is close to the composition of the TiAl intermetallic compound. Titanium carbide is presented in the form of rounded grains, but its content is insignificant. Aluminum oxide is observed in the material microstructure during synthesis in air over the entire bulk in the form of rounded inclusions, which are almost absent during the synthesis in helium. Phosphorus inclusions were found by the X-ray spectral analysis; it is the impurity in initial powders.
The microhardness of synthesized materials was 4.0-4.5 GPa, which corresponds to the microhardness of the MAX phase. It is noteworthy that the dispersity of lamellar Ti 2 AlC grains is different, which is associated with heat removal conditions. The MAXphase grains grow to more than 8-15 μm in length and 2-5 μm in width during the slower cooling in air. The dispersity of Ti 2 AlC grains grown in helium is lower, and the grain length and width do not exceed 8 and 1 μm, respectively. 
CONCLUSIONS
A product based on the Ti 2 AlC MAX phase is fabricated by self-propagating high-temperature synthesis. It is found that the material formation during the combustion of mixtures 2Ti-1.5Al-C and 3Ti-2Al-C in air under slow heat removal conditions occur in stages. The synthesis reaction of titanium carbide, which provides major heat release and combustion front propagation is dominant at the first stage. This resulted in the formation of TiC crystals surrounded by the Ti-Al melt. Titanium carbide dissolves in the surrounding melt behind the combustion front with the subsequent crystallization of the Ti 2 AlC ternary phase. The final product is a composite based on the MAX phase containing up to 20 wt % TiAl. The TiC content does not exceed 2 wt %.
The phase formation during the synthesis in helium, which provides rapid heat removal, substantially differs from combustion in air. No formation of the TiC phase is observed, which is associated with the variation in sample cooling conditions. The first phase, which appears in the diffraction field, is Ti 2 AlC. The occurrence period of TiC, which is 5-10 s for mixtures combusting in air, substantially decreases if the process is performed in the medium with the larger thermal conductivity and does not exceed 1 s. The dispersity of the Ti 2 AlC MAX phase formed in helium is lower than for the synthesis in air. 
